We examine 288 gamma-ray bursts (GRBs) detected by the Fermi Gamma-ray Space Telescope's Gamma-ray Burst Monitor (GBM) that fell within the field of view of Fermi's Large Area Telescope (LAT) during the first 2.5 years of observations, which showed no evidence for emission above 100 MeV. We report the photon flux upper limits in the 0.1-10 GeV range during the prompt emission phase as well as for fixed 30 s and 100 s integrations starting from the trigger time for each burst. We compare these limits with the fluxes that would be expected from extrapolations of spectral fits presented in the first GBM spectral catalog and infer that roughly half of the GBM-detected bursts either require spectral breaks between the GBM and LAT energy bands or have intrinsically steeper spectra above the peak of the νF ν spectra (E pk ). In order to distinguish between these two scenarios, we perform joint GBM and LAT spectral fits to the 30 brightest GBM-detected bursts and find that a majority of these bursts are indeed softer above E pk than would be inferred from fitting the GBM data alone. Approximately 20% of this spectroscopic subsample show statistically significant evidence for a cutoff in their high-energy spectra, which if assumed to be due to γ γ attenuation, places limits on the maximum Lorentz factor associated with the relativistic outflow producing this emission. All of these latter bursts have maximum Lorentz factor estimates that are well below the minimum Lorentz factors calculated for LAT-detected GRBs, revealing a wide distribution in the bulk Lorentz factor of GRB outflows and indicating that LAT-detected bursts may represent the high end of this distribution.
INTRODUCTION
Observations by the Fermi Gamma-ray Space Telescope have dramatically increased our knowledge of the broadband spectra of gamma-ray bursts (GRBs). The Gamma-ray Burst Monitor (GBM) on board Fermi has detected over 700 GRBs in roughly 3 years of triggered operations. Of these bursts, 29 have been detected at energies > 100 MeV by Fermi's Large Area Telescope (LAT); and five of these bursts, GRB 080916C, GRB 090510, GRB 090328, GRB 090902B, and GRB 090926A, have been detected at energies > 10 GeV. The high-energy emission from the majority of these bursts show evidence for being consistent with the high-energy component of the smoothly joined broken power law, commonly referred to as the Band spectrum (Band et al. 1993) , that has been observed in the GBM energy range. Three of these bursts, GRB 090510 , GRB 090902B (Abdo et al. 2009a) , and GRB 090926A (Ackermann et al. 2011) , though, exhibit an additional hard spectral component that is distinct from the continuum emission observed at sub-MeV energies.
Similar high-energy emission above 100 MeV was detected by the Energetic Gamma-Ray Experiment Telescope (EGRET) on board the Compton Gamma-Ray Observatory and by the AGILE spacecraft (Del Monte et al. 2011 ). The prompt highenergy emission detected by EGRET from GRB 930131 (Sommer et al. 1994; Kouveliotou et al. 1994 ) and GRB 940217 (Hurley et al. 1994 ) was consistent with an extrapolation of the GRB spectrum as measured by the Burst And Transient Source Experiment (BATSE) in the 25 keV-2 MeV energy range. EGRET observations of GRB 941017 (González et al. 2003) , on the other hand, showed evidence for an additional hard spectral component that extended up to 200 MeV, the first such detection in a GRB spectrum.
Unlike these previous detections by EGRET, many of the LAT-detected bursts have measured redshifts, made possible through X-ray localizations by the Swift spacecraft (Gehrels et al. 2004 ) and ground-based follow-up observations of their long-lived afterglow emission. The high-energy detections, combined with the redshift to these GRBs, have shed new light into the underlying physics of this emission. At a redshift of z = 0.903 (McBreen et al. 2010) , the detection of GeV photons from GRB 090510 indicates a minimum bulk Lorentz factor of Γ γ γ,min ∼ 1200 in order for the observed gamma rays to have avoided attenuation due to electron-positron pair production . Furthermore, a spectral cutoff at ∼1.4 GeV is quite evident in the high-energy component of GRB 090926A, which, if interpreted as opacity due to γ γ attenuation within the emitting region, allows for a direct estimate of the bulk Lorentz factor of Γ ∼ 200-700 for the outflow producing the emission (Ackermann et al. 2011) .
Perhaps equally important for unraveling the nature of the prompt emission is the lack of a significant detection above 100 MeV for the majority of the GRBs detected by the GBM. The LAT instrument has detected roughly 8% of the GBM-triggered GRBs that have occurred within the LAT field of view (FOV). This detection rate places limits on the ubiquity of the extra high-energy components detected by LAT, EGRET, and AGILE. Such a component would be a natural consequence of synchrotron emission from relativistic electrons in an internal shock scenario, but, for example, might be suppressed in Poynting flux-dominated models (e.g., see Fan & Piran 2008) . Therefore, a systematic analysis of the nondetections of high-energy components in GBM-detected GRBs may significantly help to discriminate between various prompt emission mechanisms. Furthermore, the lack of a detection by the LAT of GBM-detected GRBs with particularly hard spectra points to intrinsic spectral cutoffs and/or curvature at high energies, giving us further insight into the physical properties of the emitting region.
In this paper, we examine the GBM-detected bursts that fell within the LAT FOV at the time of trigger during the first 2.5 years of observations which showed no evidence for emission above 100 MeV. We report the photon flux upper limits in the 0.1-10 GeV band during the prompt emission phase and for 30 s and 100 s integrations starting from the trigger time for each burst. We then compare these upper limits with the fluxes that would be expected from extrapolations of spectral fits presented in the first GBM spectral catalog (Goldstein et al., 2012) in order to determine how well measurements of the MeV properties of GRBs can predict detections at >100 MeV energies.
We find that roughly half of the GBM-detected bursts either require spectral breaks or have intrinsically steeper spectra in order to explain their non-detections by the LAT. We distinguish between these two scenarios by performing joint GBM and LAT spectral fits to a subset of the 30 brightest bursts, as seen by the GBM that were simultaneously in the LAT FOV. We find that while a majority of these bursts have spectra that are softer above the peak of the νF ν spectra (E pk ) than would be inferred from fitting the GBM data alone, a subset of bright bursts have a statistically significant high-energy spectral cutoff similar to the spectral break reported for GRB 090926A (Ackermann et al. 2011) . These results are consistent with those presented by Beniamini et al. (2011) and Guetta et al. (2011) who perform a variation of the upper limit analysis presented here on a smaller sample of GBM-detected bursts. Finally, we use our joint GBM and LAT spectral fits in conjunction with the LAT non-detections at 100 MeV to place limits on the maximum Lorentz factor for these GRBs that show evidence for intrinsic spectral breaks.
The paper is structured as follows: in Section 2, we review the characteristics of the GBM and LAT instruments, and in Section 3, we define the GRB samples considered in this work. In Section 4, we describe the analysis we perform to quantify the significance of the LAT non-detections; we present the results in Section 5, and discuss the implications they have on our understanding of the properties associated with the prompt gamma-ray emission in Section 6.
THE LAT AND GBM INSTRUMENTS
The Fermi Gamma-ray Space Telescope carries the Gammaray Burst Monitor (Meegan et al. 2009 ) and the Large Area Telescope (Atwood et al. 2009 ). The GBM has 14 scintillation detectors that together view the entire unocculted sky. Triggering and localization are performed using 12 sodium iodide (NaI) and 2 bismuth germanate (BGO) detectors with different orientations placed around the spacecraft. The two BGO scintillators are placed on opposite sides of the spacecraft so that at least one detector is in view for any direction on the sky. GBM spectroscopy uses both the NaI and BGO detectors, sensitive between 8 keV and 1 MeV, and 150 keV and 40 MeV, respectively, so that their combination provides an unprecedented four decades of energy coverage with which to perform spectroscopic studies of GRBs.
The LAT is a pair conversion telescope comprising a 4 × 4 array of silicon strip trackers and cesium iodide (CsI) calorimeters covered by a segmented anti-coincidence detector (ACD) to reject charged-particle background events. The LAT covers the energy range from 20 MeV to more than 300 GeV with an FOV of ∼2.4 sr. The dead time per event of the LAT is nominally 26.50 μs for most events, although about 10% of the event readouts include more calibration data, which engender longer dead times. This dead time is four orders of magnitude shorter than that of EGRET. This is crucial for observations of high-intensity transient events such as GRBs. The LAT triggers on many more background events than celestial gamma rays. Onboard background rejection is supplemented on the ground using event class selections that accommodate the broad range of sources of interest.
SAMPLE DEFINITION
We compiled a sample of all GRBs detected by the GBM between the beginning of normal science operations of the Fermi mission on 2008 August 4 up to 2011 January 1, yielding a total of 620 GRBs. Of these, 288 bursts fell within 65
• of the LAT z-axis (or boresight) at the time of GBM trigger, which we define as the LAT FOV. Bursts detected at angles greater than 65
• at the time of the GBM trigger were not considered for this analysis, due to the greatly reduced sensitivity of the instrument for such large off-axis angles. A plot of the distribution of the LAT boresight angles at trigger time, T 0 , for all 620 bursts is shown in Figure 1 . Roughly half (46%) of the GBM-detected GRBs fell within the LAT FOV at T 0 , as expected given the relative sky coverage of the two instruments. These bursts make up the sample for which the photon flux upper limits described in the next section have been calculated. A complete list of the 288 bursts in the sample, their positions, their durations, and their LAT boresight angles is given in Table 1 . We defined a subsample of 92 bursts that had a rate trigger greater than 75 counts s −1 in at least 1 of the 2 BGO detectors. This criteria is similar to the one adopted by Bissaldi et al. (2011) in their analysis of the brightest GBM-detected bursts in the first year of observations. Hereafter, we refer to these 92 bursts as the "bright BGO subsample;" it comprises likely candidates for which it would be possible to find evidence of spectral curvature above the upper boundary of the nominal BGO energy window of ∼40 MeV. Finally, we define our socalled spectroscopic subsample as the 30 bursts (of the bright BGO subsample) that have sufficient counts at higher energies to allow for the β index of a Band function fit to be determined with standard errors 0.5. This spectroscopic subsample was used in joint fits with the LAT data to test models containing spectral breaks or cutoffs.
ANALYSIS

LAT Upper Limits
We derive upper limits for the 288 GRBs that were detected by the GBM and fell in the LAT FOV from the LAT data using two methods. The first consists of the standard unbinned likelihood analysis using the software developed and provided by the LAT team, while the second method simply considers the total observed counts within an energy-dependent acceptance cone centered on the GBM burst location. The likelihood analysis will give more constraining upper limits, but since it uses the instrumental point-spread-function (PSF) information to model the spatial distribution of the observed photons, in cases where the burst location is inaccurate and burst photons are present, it can give less reliable constraints. The latter method will be less constraining in general, but it will also be less sensitive to errors in the burst location, as the analysis considers photons collected over a fixed aperture and does not otherwise use the burst or photon positions on the sky. We use both methods to obtain photon flux upper limits over a 0.1-10 GeV energy range.
For the unbinned likelihood analysis, we used the standard software package provided by the LAT team (ScienceTools version v9r15p6). 56 We selected "transient" class events in a 10
• acceptance cone centered on the burst location, and we fit the data using the pyLikelihood module and the P6_V3_TRANSIENT response functions (Atwood et al. 2009 ). Each burst is modeled as a point source at the best available location, derived either from an instrument with good localization capabilities (e.g., Swift or LAT) or by the GBM alone. Of the 288 GRBs considered here, in the likelihood fitting, the expected distribution of counts is modeled using the energy-dependent LAT PSF and a power-law source spectrum. The photon index of the power law is fixed to either the β value found from the fit of the GBM data for that burst or, if the GBM data are not sufficiently constraining (i.e., δβ 0.5), to β = −2.2, the mean value found for the population of BATSE-detected bursts (Preece et al. 2000; Kaneko et al. 2006 ). An isotropic background component is included in the model, and the spectral properties of this component are derived using an empirical background model (Abdo et al. 2009c ) that is a function of the position of the source in the sky and the position and orientation of the spacecraft in orbit. This background model accounts for contributions from both residual charged particle backgrounds and the time-averaged celestial gamma-ray emission.
Since we are considering cases where the burst flux in the LAT band will be weak or zero, the maximum likelihood estimate of the source flux may actually be negative owing to downward statistical fluctuations in the background counts. Because the unbinned likelihood function is based on Poisson probabilities, a prior assumption is imposed that requires the source flux to be non-negative. This is necessary to avoid negative probability densities that may arise for measured counts that are found very close to the GRB point-source location because of the sharpness of the PSF. On average, this means that for half of the cases in the null hypothesis (i.e., zero burst flux), the "best-fit" value of the source flux is zero but does not correspond to a local maximum of the unconstrained likelihood function (Mattox et al. 1996) .
Given the prior of the non-negative source flux, we treat the resulting likelihood function as the posterior distribution of the 56 http://fermi.gsfc.nasa.gov/ssc/ flux parameter. In this case, an upper limit may be obtained by finding the flux value at which the integral of the normalized likelihood corresponds to the chosen confidence level (Amsler et al. 2008) . For a fully Bayesian treatment, one would integrate over the full posterior distribution, i.e., marginalize over the other free parameters in the model. However, in practice, we have found it sufficient to treat the profile likelihood function as a one-dimensional probability distribution function in the flux parameter. Again, in the limit of Gaussian statistics and a strong source, this method is equivalent to the use of the asymptotic standard error for defining confidence intervals. Hereafter, we will refer to this treatment as the "unbinned likelihood" method.
In the second set of upper limit calculations, we implement the method described by Helene (1983) and the interval calculation implemented in Kraft et al. (1991) . Here, the upper limit is computed in terms of the number of counts and is based on the observed and estimated background counts within a prescribed extraction region. For the LAT data, the extraction region is an energy-dependent acceptance cone centered on the burst position. Since the burst locations from the GBM data have typical systematic uncertainties ∼3.
• 2 , the size of the acceptance cone at a given energy is taken to be the sum in quadrature of the LAT 95% PSF containment angle and the total (statistical + systematic) uncertainty in the burst location. The counts upper limits are evaluated over a number of energy bands, converted to fluxes using the energydependent LAT exposure at the burst location, and then summed to obtain the final flux limit. Since this method relies on comparing counts without fitting any spectral shape parameters, we will refer to this as the "counting" method.
The time intervals over which the upper limits are calculated are important for their interpretation. For both upper limit methods, we consider three time intervals: two fixed intervals of 30 and 100 s post-trigger, and a "T100" interval that is determined through the use of the Bayesian Blocks algorithm (Jackson et al. 2005) to estimate the duration of burst activity in the NaI detector that has the largest signal above background. For the T100 interval, an estimate of the time-varying background count rate is obtained by fitting a third-degree polynomial to the binned data in time intervals outside of the prompt burst phase. Nominally, we take T 0 − dt to T 0 − 100 s and T 0 + 150 s to T 0 + dt, where T 0 is the GBM trigger time and dt = 200 s, although we increased the separation of these intervals in some cases to accommodate longer bursts. The counts per bin is then subtracted by the resulting background model throughout the T 0 − dt to T 0 + dt interval, and the binned reconstruction mode of the Bayesian Blocks algorithm is applied. The T100 interval is then defined by the first and last change points in the Bayesian Blocks reconstruction.
The two fixed time intervals have been introduced so as to not bias our results through assumptions regarding the durations of the high-energy components. The brighter LAT-detected GRBs have exhibited both delayed and extended high-energy emission on timescales that exceed the durations traditionally defined by observations in the keV-MeV energy range (Abdo et al. 2011 ). Hence, we search for and place limits on emission over intervals that may, in some cases, exceed the burst duration. We will discuss the implications of the limits found for the various time intervals in Section 5.1.
GBM Spectroscopy
For the 92 bursts in the bright BGO subsample, we performed spectral fits to the NaI and BGO data and estimated the flux expected to be seen by the LAT between 0.1-10 GeV using the GBM-fitted Band function (Band et al. 1993) parameters. The selection of background and source intervals for all bursts were performed manually through the use of the RMFIT (version 3.3) spectral analysis software package. 57 Because the number of counts in the highest BGO energy bins is often in the Poisson regime, we use the Castor modification (J. Castor 1995, private communication) to the Cash statistic (Cash 1976) , commonly referred to as C-Stat, 58 since the standard χ 2 statistic is not reliable for low counts. The variable GBM background for each burst is determined for all detectors individually by fitting an energy-dependent, second-order polynomial to the data several hundred seconds before and after the prompt GRB emission. The standard 128 energy bin CSPEC data (Meegan et al. 2009 ) from the triggered NaI and BGO detectors were then fit from 8 keV to 1 MeV and from 200 keV to 40 MeV, respectively, for each burst.
As we noted above, only 30 bursts in the bright BGO subsample have sufficient signal to noise to constrain the highenergy power-law index β of the Band function to within ±0.5. Although we considered a variety of models in our spectral analysis, we found that the Band function was sufficient to describe the spectral shape for all of these bursts.
RESULTS
LAT Upper Limits
Of the 288 GRBs in our sample, we were able to obtain upper limits, at 95% confidence level (CL), for 270 bursts using the unbinned likelihood method and 95% CL upper limits for 250 bursts using the counting method for the T100 intervals derived from the GBM data. The GRBs for which upper limits could not be calculated were bursts that occurred either during spacecraft passages through the South Atlantic Anomaly or at angles with respect to Earth's zenith that were 100
• , thereby resulting in diffuse emission at the burst locations that was dominated by γ -rays from Earth's limb produced by interactions of cosmic rays with Earth's atmosphere. These cases where the burst occurred at a high angle with respect to the zenith primarily affect the counting method, because it requires a reliable estimate of the background during the burst, and our method to estimate the background does not account for Earth limb emission. The likelihood method can fit for an Earth limb as a diffuse component, but it may give weaker limits since the background level is not as tightly constrained in this case compared to when the empirical background estimate can be used to model all of the non-burst emission. The photon flux upper limits found for the likelihood method for all three time intervals are presented in the last three columns of Table 1 .
The distributions of the 95% CL photon flux upper limits obtained via the likelihood and counting methods for the 30 s, 100 s, and T100 time intervals are shown in upper-left, upperright, and lower-left panels of Figure 2 , respectively. As expected, the likelihood limits are systematically deeper than those found using the counting method over the same time interval. For either method, the upper limits for the 100 s integrations are roughly half an order of magnitude deeper than for the 30 s integrations. In the photon-limited case, this is expected since the flux limit at a specified confidence level should be inversely proportional to the exposure. The doubly peaked upper limit distribution that appears in the upper-left panel of Figure 2 for the T100 duration reflects the bimodal duration distribution for the short and long GRB populations. The median of the T100 upper limit distribution for the likelihood method is F UL,T100 = 1.20×10 −4 photons cm −2 s −1 with a standard deviation of σ T 100 = 1.57×10 −3 ; whereas the counting method distribution has a median ofF UL,T100 = 1.27×10 −4 photons cm
and σ T 100 = 1.52 × 10 −3 . The median of the 30 s upper limit distribution for the likelihood method isF UL,30s = 4.76 × 10 −5 photons cm −2 s −1 with a standard deviation of σ 30s = 3.20 × 10 −4 ; whereas the counting method distribution has a median ofF UL,30s = 5.46 × 10 −5 photons cm −2 s −1 and σ 30s = 3.00 × 10 −4 . The median of the 100 s upper limit distribution for the likelihood method areF UL,100s = 1.74 × 10 −5 photons cm −2 s −1 and σ 100s = 1.23 × 10 −4 andF UL,100s = 2.59 × 10 −5 photons cm −2 s −1 and σ 100s = 1.06 × 10 −4 for the counting method.
A comparison of the likelihood and counting methods for all three time intervals for is shown in the lower-right panel of Figure 2 . The scatter in the upper limit distribution for both methods is largely due to the range of angles at which the GRBs occurred with respect to the LAT boresight, resulting in different effective areas and hence different exposures for each burst. The LAT exposure as a function of the off-axis angle drops steeply with increasing inclination, resulting in a shallowing of the LAT upper limits as a function of increasing off-axis angle, which can be seen in Figure 3 . Overall, the two methods give consistent results for the bursts in our sample, and therefore we will hereafter focus primarily on the limits obtained with the likelihood method in our discussion of the implication of these results.
Despite the dependence of the upper limit values on offaxis angle, the distribution of LAT photon flux upper limits is relatively narrow for angles < 40
• , allowing us to define an effective LAT sensitivity assuming a typical GRB spectrum (i.e., β ≈ −2.2). We can therefore set sensitivity thresholds for the corresponding median photon flux upper limit for each integration time of F lim,30 s = 4.7 × 10 −5 photons cm −2 s −1 and F lim,100 s = 1.6 × 10 −5 photons cm −2 s −1 . Finally, in Figure 4 we plot the location of each burst on the sky in Galactic coordinates, color-coded to represent the likelihood-determined photon flux upper limits. There is no evidence of a spatial dependence of the GBM detection rate nor of the magnitude of the LAT upper limit, as a function of Galactic latitude b. 
GBM Spectral Fits and Upper Limit Comparisons
We compare the LAT upper limits calculated over the burst duration to the expected 0.1-10 GeV photon fluxes found through extrapolations of spectral fits presented in the first GBM spectral catalog (Goldstein et al. 2012) . We focus this analysis on bursts for which a Band spectral model was a preferred fit compared to models with fewer degrees of freedom, since alternative models such as Comptonized spectra suffer sharp drops in expected flux at high energy and are not expected to result in LAT detections without the presence of additional spectral components. Of the 487 GRBs presented in that catalog, a Band model fit was preferred over simpler models for 161 bursts, 75 of which appeared in the LAT FOV. For this comparison, the LAT upper limits were recalculated for a duration that matched the interval used in the GBM spectral catalog (see Goldstein et al. 2012 for a detailed discussion of their interval selection). We next performed a simulation in which we varied the expected LAT photon flux fitted values using the associated errors for each burst in order to determine the median number of bursts over all realizations that would fall above the LAT upper limit. In a total of 10 5 realizations, we find that 50% of the GRBs in the GBM spectral catalog, which prefer a Band model fit, have expected 0.1-10 GeV photon fluxes that exceeds the LAT upper limit.
We investigate the differences between the GBM-based extrapolations and the LAT upper limits further by performing detailed spectral fits to our spectroscopic subsample. The spectral parameters obtained from the fits to the GBM data only for the 30 GRBs in this spectroscopic subsample are listed in Table 2 . The median values of the low-and highenergy power-law indices and the peak of the νF ν spectra are α = −0.83, β = −2.26, and E pk = 164 keV, with standard deviations of σ α = 0.44, σ β = 0.25, and σ E pk = 177 keV, respectively. The distributions of spectral parameters for these bursts are consistent with similar distributions found for BATSEdetected GRBs (Preece et al. 2000; Kaneko et al. 2006) . The time durations used in the spectral fits and the time-averaged photon flux values in the 0.02-20 MeV energy range for these GRBs are given in Table 3 . In the third column, we list the expected flux in the 0.1-10 GeV energy range assuming a power-law extrapolation of the Band function fit to the GBM data; and in the fourth column, we give the measured LAT photon flux upper limit found for the same time interval. The errors on the expected LAT photon fluxes were determined using the covariance matrices obtained from the GBM spectral fits.
A comparison of the LAT photon flux upper limits versus the expected 0.1-10 GeV photon fluxes for each burst in our spectroscopic subsample is shown as blue data points in Figure 5 . The downward arrows on the expected flux values indicate values that are consistent with zero within the 1σ errors shown. The dashed line represents the line of equality between the expected LAT photon flux and the LAT photon flux upper limits when calculated for the durations presented in Figure 5 . In a total of 10 5 realizations, we find that 53% of GRBs in our spectroscopic subsample have expected 0.1-10 GeV photon fluxes that exceed their associated 95% CL LAT upper limit. As with the flux comparison, roughly 50% in our sample also have expected fluence values that exceed the 95% CL LAT Figure 6 . Ratio of the expected LAT flux, based on fits to the prompt GBM spectrum, to the LAT 95% CL LAT flux upper limit plotted vs. the GBMdetermined high-energy spectral index. The degree to which the expected flux in the LAT energy range from these bursts exceeds our estimated LAT upper limits correlates strongly with the measured high-energy spectral index. fluence upper limit. Figure 6 shows that the degree to which the expected flux in the LAT energy range from these bursts exceeds our estimated LAT upper limits correlates strongly with the measured high-energy spectral index, with particularly hard bursts exceeding the estimated LAT sensitivity by as much as a factor of 100. Again, the spectral fits to the bright bursts detected by the BGO clearly shows that a simple extrapolation from the GBM band to the LAT band systematically overpredicts the observed flux.
Joint GBM and LAT Spectral Fits
Including the LAT data in the spectral fits drastically alters the best-fit Band model parameters and the resulting expected photon flux in the LAT energy range. The best-fit parameters of the joint spectral fits for the spectroscopic subsample can be found in Table 4 . The high-energy spectral indices are typically steeper (softer) than found from fits to the GBM data alone.
The difference in the β values for the joint fits with respect to the fits to the GBM data alone can be found in Column 8 of Table 4 . The resulting β distributions are shown in Figure 7 . The GBM-only β distribution (red histogram) peaks at β = −2.2, matching the β distribution found for the population of BATSEdetected bursts presented in Preece et al. (2000) . In contrast, the β distribution found from the joint fits (blue histogram) indicates spectra that are considerably softer, with a median value of β = −2.5. While the GBM-only β distribution includes five GRBs with β > −2.0, no bursts had β values this hard from the joint fits. The low-energy power-law index α and the peak of the νF ν spectra, E pk distribution remain relatively unchanged. In Figure 5 , we compare the LAT photon flux upper limits calculated over the burst duration presented in Table 4 versus the expected 0.1-10 GeV photon fluxes for each burst, now using a power-law extrapolation of the Band function that was fit to both the GBM and LAT data. The softer β values obtained through the joint fits yield expected LAT photon flux values that are more consistent with the LAT non-detections, with only 23% of the bursts in our spectroscopic subsample with expected flux values that exceed the 95% CL LAT flux upper limit given 10 5 realizations of the data about their errors. We find that a similar ratio of bursts have expected fluence values that exceed their associated 95% CL LAT fluence upper limit.
Spectral Breaks or Softer Spectral Indices?
Although the discrepancy between the predicted 0.1-10 GeV fluxes from the GBM-only fits and the LAT upper limits can be explained by the softer β values in the joint fits, intrinsic spectral breaks at energies 40 MeV can also reconcile the conflicting GBM and LAT results. Determining whether softer β values or spectral breaks are present has at least two important implications: if the spectral breaks or cutoffs arise from intrinsic pair production (γ γ → e + e − ) in the source, then the break or cutoff energy would provide a direct estimate of the bulk Lorentz factor of the emitting region within the outflow. On the other hand, an intrinsically softer distribution of β values would mean that theoretical inferences based on the β distributions found by fitting BATSE or GBM data alone may need to be revised. Evidence for either spectral breaks or softer β values could also provide support for multi-component models that have been used to describe novel spectral features detected by the GBM and LAT (e.g., Guiriec et al. 2011) .
For the joint fitting of the GBM and LAT data, deciding between the two possibilities for any single burst can be cast as a standard model selection problem. Under the null hypothesis, we model the GRB spectrum using a simple Band function, as we have done in Section 5.3. As an alternative hypothesis, we could extend the Band model to account for the presence of a spectral break. This may be done via an additional break energy above the Band E pk , effectively using a doubly broken power law Comparison between the high-energy spectral indices measured through spectral fits to the GBM data alone and joint fits to both the GBM and LAT data. The GBM-only β distribution has a median value of β = −2.2, matching the distribution found by Preece et al. (2000) and Kaneko et al. (2006) . In contrast, the β distribution found from the joint fits indicate spectra that are considerably softer, with a median value of β = −2.5.
(A color version of this figure is available in the online journal.) in the fit; or it could be accomplished by adding an exponential cutoff to the Band model with cutoff energy E c > E pk . In either case, the null and alternative hypotheses are "nested" such that the former is a special case of the latter for some values of the extra model parameters that are introduced. Assuming there are n alt additional free parameters under the alternative model, then whether the alternative model is statistically preferred would be given by the ΔC-Stat value assuming it follows a χ 2 distribution for n alt degrees of freedom.
For the purposes of this analysis, we have adopted an alternative model consisting of a Band function plus a step function fixed at 50 MeV. The step function is not intended to be a physical model; instead its use is simply designed to test consistency between the GBM and LAT data. By using a step function we are explicitly avoiding making any assumptions as to the physical mechanism producing the emission, which allows us instead to focus on simply comparing the LAT upper limits to the extrapolation of the best fit to the GBM data. The additional degree of freedom introduced by the step function represents the normalization of the Band function's high-energy component above 50 MeV, which is left to vary, leading to the normalization of the power law above 50 MeV being adjusted such that it is always consistent with the LAT upper limits. For this analysis, the index of the power law above the break is fixed to match the Band function's high-energy power-law index, which is allowed to vary as a free parameter. Since this introduces a single extra degree of freedom, a value of ΔC-Stat >9 would represent a >3σ improvement in the fit. We adopt this criterion as the threshold for a statistical preference for a break in the high-energy spectrum of an individual GRB.
An example of such a fit can be seen in Figure 8 , where the three panels show (clockwise) a Band model fit to GBM data alone, a Band model fit to both the GBM and LAT data, and a Band model plus a step function fit to the GBM and LAT data. The difference between the first two panels demonstrates the degree to which the high-energy spectral index can steepen to accommodate the LAT data, despite being outside of the range allowed by the statistical uncertainty in the β determination made through the GBM fit alone. The third panel shows the effect of introducing a step function between the two instruments, in which the requirement for a softer β value is alleviated. For the fit shown in Figure 8 , the β value determined through the Band model plus a step function fit is consistent with the value found by fitting a Band model to the GBM data alone.
The ΔC-Stat values obtained for the Band and Band+step function fits are listed in Column 9 of Table 4 . For most of the bursts, a simple steepening of the high-energy power-law index was sufficient to explain the lack of a LAT detection. However, in six cases ΔC-Stat exceeded a value of 9, indicating a statistical preference for a break in the high-energy spectrum. Figure 9 shows the ratio of the expected LAT flux (based on GBM-only fits) to the LAT 95% CL upper limit plotted versus the ΔC-Stat values for the spectroscopic subsample. A weak correlation between the flux ratio and ΔC-Stat is apparent. In addition, Figure 10 shows an anti-correlation between the resulting ΔC-Stat values for this sample plotted versus the uncertainty in the high-energy spectral index found from fits to the GBM data alone. The bursts for which a spectral break is statistically preferred both have the most severe discrepancies between the GBM-only extrapolations and the LAT upper limits and also have the smallest uncertainties in their GBM-only β values. 
Constraints on the Bulk Lorentz Factor
If we assume that the high-energy spectra in the six GRBs that prefer spectral cutoffs are a result of γ γ attenuation, as opposed to a spectral turnover that is intrinsic to the GRB spectrum, then we can use the joint GBM and LAT spectral fits in conjunction with the LAT non-detections at 100 MeV to place limits on the maximum Lorentz factor. In this context, the high-energy γ -rays produced within the GRB jet may undergo γ γ → e + e − pair production and can be absorbed in situ. The interaction rate of this process and corresponding optical depth, τ γ γ , depend on the target photon density and can be significant when both the high-energy and target photons are produced in the same physical region. Highly relativistic bulk motion of such an emission region can reduce the implied γ γ optical depth greatly by allowing for a larger emitting region radius and a smaller target photon density for a given observed flux and variability timescale. Observation of γ -ray emission up to an energy E max m e c 2 thus can be used to put a lower limit on the bulk Lorentz factor Γ of the emitting region ( follows from the threshold condition for e + e − pair production, when both the incident and target photons are at the maximum observed energy.
If a high-energy γ -ray photon with energy E and the observed broadband photon emission originate from the same physical region, and if we assume the photons are quasi-isotropic in the comoving frame, then the γ γ → e + e − pair production optical depth can be written as
Here, n( ) is the observed photon spectrum, is the target photon energy, is the target photon energy in the comoving frame of the emitting plasma, d L is the luminosity distance, t v is the γ -ray flux variability timescale, and σ T is the Thomson cross-section. The function ϕ[ E(1 + z)/Γ] is defined by Gould & Schréder (1967) and Brown et al. (1973) . The value of Γ γ γ,min follows from the condition τ γ γ (E max ) = 1. This singlezone model, in which the spatial and temporal dependencies of τ γ γ have been averaged out, has been the technique used to measure the reported values of Γ γ γ,min for the LAT detections of GRBs 080916C, 090510, and 09092B in Abdo et al. (2009b) , Ackermann et al. (2010) , and Abdo et al. (2009a) , respectively. It is important to note that these single-zone models may provide overestimated Lorentz factors compared to time-dependent multi-zone models that consider the possibility of multiple emitting regions and that take into account the time variability of τ γ γ . For a discussion of single and multi-zone models, see Zou et al. (2011) . A direct estimate of the bulk Lorentz factor Γ, as opposed to a minimum value, of the GRB jet can be made based on evidence of a cutoff in the spectral fits that are attributed to γ γ attenuation, such as has been reported for GRB 090926A in Abdo et al. (2011) . In the case of the six GRBs that we consider here for which no direct evidence for a spectral cutoff is otherwise detected, we use our upper limits to calculate a maximum bulk Lorentz factor Γ γ γ,max from the condition τ γ γ (E UL ) = 1. To do so, we use the Band function fit to the GBM and LAT data and set E UL = 100 MeV. We also assume a variability timescale of t v = 0.1 s, which we believe represents a conservative estimate of t v given the ubiquity of millisecond variability in BATSE-detected GRBs (Walker et al. 2000) as well as the short timescales observed in other LAT-detected GRBs .
We note that if the cutoff energy due to intrinsic pair opacity is small enough, E cutoff < m e c 2 Γ/(1 + z), then the Thomson optical depth of the pairs that are produced in the emitting region is τ T ,e ± > 1 (Lithwick & Sari 2001; Abdo et al. 2009a ). This should affect both the observed spectrum, thermalizing it for a large enough optical depth, and light curve, eliminating short timescale variability. For E cutoff = 100 MeV, this condition is nearly violated at z 1.0, therefore a much lower cutoff energy would be hard to reconcile with an intrinsic pair opacity origin for GRBs at low redshift.
The resulting Γ γ γ,min and Γ γ γ,max values for previously reported LAT detections and from the upper limits presented here are shown in Figure 11 . Since the Lorentz factor calculation depends on the redshift, which is unknown for the majority of GBM-detected bursts, we have plotted the Γ γ γ,max values as a function of the redshift (red lines). One GRB in our spectroscopic subsample, GRB 091127, has a measured redshift which allows us to constrain the burst's Γ max value. Using a redshift of z = 0.490 (Cucchiara et al. 2009 ) and E UL ∼ 100 MeV, we calculate a relatively small bulk Lorentz factor of Γ max ∼ 155. Using the measurements of E UL for these GRBs provides a relatively narrow distribution of Γ max that range from 50 < Γ max < 300 at z = 1 to 400 < Γ γ γ,max < 640 at z = 4. These values stand in stark contrast to the LAT-detected GRBs for which Γ γ γ,min was measured, all of which have Γ γ γ,min > 800. Our results are consistent with those presented by Beniamini et al. (2011) and Guetta et al. (2011) , who used the non-detection of a smaller sample of GBM-detected bursts to also infer the Γ γ γ,max of the emitting region.
The detection of spectral curvature by the LAT in the spectrum of GRB 090926 provides a case that appears to bridge the LAT detected and non-detected samples. The estimate of Γ of 200-700 presented in Abdo et al. (2011) reflects the systematic differences between Lorentz factors obtained through the use of time-dependent models by Granot et al. (2008) which yield systematic differences in τ γ γ and the inferred Γ when compared to the simple single-zone model used above. Granot et al. (2008) , and more recently Hascoët et al. (2012) , have shown that such time-dependent models, which include the temporal evolution of τ γ γ during the emission period, can yield inferred Γ estimates that are reduced by a factor of 2-3 compared to estimates made using single-zone models. In the context of these timedependent model, the Γ γ γ,min and Γ γ γ,max presented in Figure 11 would all be systematically overestimated by a factor of 2-3, but the dichotomy between the LAT detected and LAT non-detected GRBs would persist since all Γ estimates would be effected by the same correction.
Note that the gray dashed line in Figure 11 demarcates the self-consistency line where the condition that Γ E max (1 + z)/m e c 2 is violated, implying an incorrect determination of τ γ γ , for the bursts with no detected emission above E max = 100 MeV. None of the bursts in our spectroscopic subsample violate this condition at any redshift for the choice of E cutoff = 100 MeV.
DISCUSSION
The upper limits presented above place stringent constraints on the high-energy emission from GRBs detected by the GBM. Of the 620 bursts detected by the GBM from 2008 August 4 to 2011 January 1, 46% were within the LAT FOV. There is evidence for high-energy emission >100 MeV in the LAT energy range for 23 GRBs, representing 8% of the entire GBM sample observed by the LAT. This is significantly less than the pre-launch estimate of one detection per month that produces at least 100 counts above 100 MeV (Band et al. 2009 ).
The results of our joint GBM and LAT spectral fits show that both softer high-energy power-law spectra and spectral breaks likely account for the lower-than-expected number of LAT-detected GRBs. For the 24 bursts in our spectroscopic subsample where a spectral break is not statistically justified, the β values from the joint fits are systematically softer than the values found from fitting the GBM data alone. This may indicate that the high-energy spectral index for the Band model may in fact be softer than that deduced from measurements made by previous missions, such as BATSE, which had a much narrower energy range compared to the combined coverage of the GBM and LAT. The GBM+LAT β distribution shown in Figure 7 appears to exclude the harder spectra found from fits made with just the lower energy BATSE or GBM data. In fact, we find no cases of spectra with β > −2.0, which would otherwise result in a divergent energy flux at high energies.
The results of our extrapolation of GBM fits into the LAT energy range are roughly consistent with similar conclusions drawn by Beniamini et al. (2011) and Guetta et al. (2011) who perform a variation of the upper limit analysis presented here on a smaller sample of GBM-detected bursts and conclude that there are significant differences between expected flux in the LAT energy range and their calculated LAT upper limits.
Although, we emphasize that a simple extrapolation of spectral fits to GBM data is not a sufficient method of estimating the expected flux in the LAT energy range. Inclusion of the LAT upper limits in the spectral fit can drastically change the bestfit parameters, beyond the statistical error obtained by fitting GBM data alone, in order to accommodate the LAT upper limits. This point represents a major difference between the depth and precision of our analysis and that presented by Beniamini et al. (2011) and Guetta et al. (2011) .
Our results clearly show that in many GRBs there must be a softening in the Band component at high energies. If the Band high-energy photon index (beta) reflects the underlying slope of the relativistic electron energy distribution, as assumed in most models, then this could imply a softening of their energy distribution, which represents a deviation from a power law (namely, a convex energy spectrum). It is possible that this could be associated with a cooling break of index Δβ = −1/2 in some bursts, but our step-function protocol here might suggest a more severe steepening is present. Alternatively, this might be caused by intrinsic pair production in the source, in which case it does not reflect any deviation from a power law of the electron energy distribution. Typically, such breaks are more profound than cooling ones corresponding to Δβ < −1 (e.g., Baring 2006; Granot et al. 2008) . Moreover, if the MeV component is synchrotron (or first-order synchrotron selfCompton, SSC) then the first (or second) order SSC is expected to contribute at LAT energies, and our upper limits imply that it must be suppressed. One way of achieving this is through the same intrinsic opacity to pair production that can attenuate the Band component, if this is indeed the cause of the suppression in the LAT window. Alternatively, a small relativistic electron to magnetic energy density ratio in the emitting region could lead to a small Compton y-parameter (Y ∼ e / B 0.1) thus suppressing the SSC component/s; this is akin to parameter space invoked for SSC models of low gamma-ray flux blazars. However, this would imply a low radiative efficiency ( 0.1 B < 0.1), and would be particularly problematic if the MeV component is interpreted as first-order SSC. In addition, it would still require an independent mechanism for suppressing or attenuating the Band component above around 30 MeV, thus making such a scenario even less compelling. Altogether, our results put strong constraints on synchrotron and SSC models and are consistent with conclusions drawn by Beniamini et al. (2011) and Guetta et al. (2011) who performed a variation of the upper limit analysis presented here on a smaller sample of GBM-detected bursts.
The detection of softer β values also provides support for continuum models with multiple components, which have been used to describe novel spectral features detected by the GBM and LAT. Recent work on bright GRBs by Guiriec et al. (2011) suggests that although the Band function represents many GRB spectra very well in a limited energy range, it is sometimes possible to discern, even in this limited energy range, contributions such as thermal components in addition to the presumably non-thermal synchrotron emission represented by the Band function. The addition of such components to a Band function has the effect of modifying the parameter values, in the case of GRB 100724B rising E pk and softening β (Guiriec et al. 2011) . While these more complex models are not statistically favored in most GRBs due to low photon statistics, their successful fits to some GRBs indicate that the representation of GRB emission by a Band function may be inadequate and lead to overestimates of fluxes when extrapolated to GeV energies. Because the Band function was developed to Normalized distribution of the time-integrated photon flux as determined through our fits to GBM data for the spectroscopic subsample (red), the bursts in the bright BATSE catalog presented in Kaneko et al. (2006; green) , the bursts that appear in the first GBM spectral catalog (gold), and a sample of simulated BATSE bursts (blue) using the spectral parameter distributions given in Preece et al. (2000) . The resulting distributions show that our spectroscopic subsample is consistent with being drawn from the distribution of the brightest bursts detected by the GBM and BATSE. (A color version of this figure is available in the online journal.) represent GRB spectra rather than to parameterize a physical model, it is difficult to decouple physical components from this empirical function, which probably incompletely describes elements of multiple physical phenomena. Additionally, the superposition of Band functions does not necessarily produce a Band function, so the presence of spectral evolution means that any extrapolation to higher energies from flux-averaged spectra may not be representative of the emission throughout the entire GRB emission period. Granot et al. (2008) have shown that even when integrating over a single spike in a light curve there is a steepening to a softer power law rather than an exponential cutoff. This is due to the high-energy power law arising from the sum of instantaneous spectra with an exponential cutoff whose break energy evolves with time. Likewise, Hascoët et al. (2012) have shown that the effect of averaging a time variable opacity cutoff would be manifested as a steepening in the power-law index of the high-energy spectral slope rather than as a sharp cutoff in the spectrum. Likewise, Baring (2006) has shown that skindepth effects tend to smear out exponential attenuation when the source and target photons originate in the same volume, resulting in a similar effect. Such considerations could explain the softer β values found when fitting both the GBM and LAT data, even in cases where a spectral break was not statistically preferred. Detailed time resolved spectroscopy of bright GBMdetected GRBs should be able to discriminate between such pair opacity effects, intrinsically steeper high-energy spectra, or the more complex continuum models discussed above β (Guiriec et al. 2011) .
The bursts in our spectroscopic subsample were chosen specifically because they were among the brightest bursts detected by the BGO and yet had no appreciable signal in the LAT. This makes them good candidates to examine for evidence of spectral breaks, but they may also form a biased data set. In order to understand how representative these bursts are of the general GRB population, we plot in Figure 12 the distribution of the time-averaged photon flux as determined from fits to The gold stars represent the six Fermi bursts that were detected by the LAT during the first 18 months that can be well fit by a Band function model; the green circles represent spectral fits to GBM data for the 30 bright BGO bursts in our spectroscopic subsample; the red circles represent spectral fits to GBM and LAT data for the same 30 GRBs; and the blue circles represent bursts that appear in the first GBM spectral catalog for which a Band spectral model could be fit. The color gradient in the GBM sample represents the burst's T90 duration.
(A color version of this figure is available in the online journal.)
GBM data for bursts in our spectroscopic subsample (red), the bursts which appear in the first GBM spectral catalog (gold), the bursts in the bright BATSE catalog presented in Kaneko et al. (2006; green) , and a sample of simulated BATSE bursts (blue) using the spectral parameter distributions given in Preece et al. (2000) . The resulting distributions show that the spectroscopic subsample is consistent with being drawn from the distribution of the brightest bursts detected by BATSE. We extend this analysis in Figure 13 , where we plot the expected 0.1-10 GeV LAT photon flux versus the 20-2000 keV photon flux for our spectroscopic sample using spectral parameters from the GBM-only fits (green) and from the joint GBM-LAT fits (red), along with the bursts from the first GBM spectral catalog which were in the LAT FOV (blue). The color gradient in the GBM sample represents the burst's duration, with darker (blue) symbols representing shorter duration bursts. In addition, we have plotted the six LAT-detected bursts (gold) that had spectra that could be fit with a single Band function (i.e., we excluded bursts with extra high-energy components). The dashed line represents the median T100 upper limit. The green data points demonstrate how fits to the GBM data without the inclusion of the LAT data yield spectral parameters that overpredict the flux in the LAT energy range, which can be seen by the number of bursts in our spectroscopic subsample that fall above the median upper limit values. The red data points represent the predicted LAT flux for the same GRBs using spectral parameters determined through fits to both the GBM and LAT data. Roughly 50% of the bursts from the GBM spectral catalog fall above the median T100 upper limit. This would imply that a large fraction of bright GBM-detected bursts would have been detectable by the LAT assuming a direct extrapolation of their high-energy spectra. Therefore, we conclude that intrinsic spectral breaks and/or softer-than-measured high-energy spectra must be fairly common in the GRB population in order to explain the lack of LAT-detected GRBs.
Despite the unknown distances to all but one of the GRBs in our spectroscopic subsample, the allowed range of Γ γ γ,max values for 0 < z < 5 all lie well below Γ γ γ,max ∼ 720. This range of Γ γ γ,max for the relativistic outflow contrasts with the minimum Lorentz factors that have been calculated for the bright, LAT-detected GRBs using their highest detected photons. For GRB 080916C, GRB 090510, and GRB 09092B, the estimated lower limits for the Lorentz factors were found to be 887, 1200, and 867 when using single zone models, respectively. Therefore, measurements of Γ γ γ,min and Γ γ γ,max from both LAT detections and non-detections reveal a wide distribution in the bulk Lorentz factor of GRB outflows, with a potential range of over ∼10.
As discussed above, these estimates of Γ γ γ,min and Γ γ γ,max have been calculated using simple single-zone models, which may provide overestimated values compared to time-dependent multi-zone models that take into account the time variability of τ γ γ . In such a scenario, our estimates of the Γ γ γ,min and Γ γ γ,max would need to be rescaled downward by a factor of 2-3 (Granot et al. 2008; Zou et al. 2011; Hascoët et al. 2012) , but the large difference between the LAT detected and non-detected GRBs would remain.
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